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ABSTRACT 

The one-Higgs-doublet standard model is necessarily incomplete because of the 
triviality of the scalar symmetry-breaking sector. If the Higgs mass is approximately 
600 GeV or higher, there must be additional dynamics at a scale A which is less than 
a few TeV. In this case the properties of the Higgs resonance can differ substantially 
from those predicted by the standard model. In this talk we construct an effective 
Lagrangian description of a theory with a non-standard Higgs boson and analyze 
the features of a theory with such a resonance coupled to the Goldstone Bosons of 
the breaking of 577(2) X U{1). 
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1. Apologia 

Let me begin by stating the reason that I believe a talk of this sort has a place 
in a conference on QCD. QCD, in addition to its intrinsic interest and relevance, is 
a prototype of a theory with a dynamically broken chiral symmetry. It is, therefore, 
a prototype of a theory of dynamical electroweak symmetry breaking. The simplest 
example of a theory with dynamical electroweak symmetry, Technicolor 1 , is a vector- 
like SU(N) gauge theory, just like QCD, with a dynamical scale of approximately 
1 TeV instead of 1 GeV. Unfortunately, this type of QCD-like theory is disfavored 
for a number of phenomenological reasons 2 . It is important, therefore, to investigate 
and understand other members of the class of theories which allow for dynamical 



electroweak symmetry breaking. This investigation will clearly employ some of the 
methods (e.g. Chiral Perturbation Theory) which have been successfully applied 
to QCD. Furthermore, progress in understanding the dynamics of chiral symmetry 
breaking in QCD may allow us to construct new, phenomenologically acceptable, 
theories of dynamical electroweak symmetry breaking. I hope that the QCD experts 
gathered here will keep this last point in mind. 

The standard one-doublet Higgs model of the weak interactions is in spectacular 
agreement with experimental results. However: 

• There is no direct experimental evidence for the existence of a Higgs Boson. 

• (Non-supersymmetric) Theories with fundamental scalars are unnatural. 

Furthermore, the symmetry-breaking sector of the standard model is trivial 3 . That 
is, the theory can only be understood as a low-energy effective theory for some, more 
fundamental, high-energy theory. 

If the mass of the Higgs Boson is greater than about 600 - 700 GeV, the scale A 
of the new dynamics cannot be greater 4 than of order one or a few TeV. Turning this 
last argument around: if the electroweak symmetry breaking sector involves a heavy 
(iso-)scalar resonance that couples to the electroweak gauge Bosons, then (since the 
scale of the new dynamics is relatively low) this particle will likely have properties 
rather different from those of the SM Higgs Boson. We call such a resonance a "non- 
standard" Higgs Boson 5 . 

As an existence proof, note that there are (at least) two classes of dynamical 
electroweak symmetry breaking models known where a "non-standard" Higgs may be 
present: 

• Georgi-Kaplan Composite Higgs models 6 : in these models, all four members of 
a Higgs doublet are Goldstone Bosons arising from chiral symmetry breaking 
due to a strong hypercolor interaction. SU(2) x U(l) breaking is due to vacuum 
misalignment 7 . 

• Top-Mode Standard Models 8 : in these models it is assumed that the strength of 
some strong short- distance interaction (perhaps a spontaneously broken gauge 
theory) is tuned close to the critical value for chiral symmetry breaking 9 . 

If the intrinsic scale of the high-energy interactions (either the hypercolor interactions 
in the first case or the short- distance interactions in the second) is not too much larger 
than 1 TeV, the properties of the lightest spin-0 isospin-0 scalar can differ substantially 
from the standard model predictions. 

If a (iso-scalar) resonance which couples to WW is discovered, how will 
we know if it is THE Higgs? 

In this talk I will report on the first steps in an analysis of this question. In 
particular, I will briefly describe the calculation of the leading non-analytic corrections 
to the decay width and to WlWl scattering. The details of the calculations may be 
found in ref. 5. 



2. The Effective Lagrangian 



We wish to describe a theory in which, in addition to the Goldstone Bosons 
(which are, in the sense of the equivalence theorem 10 , the longitudinal weak gauge 
bosons) has an iso-singlet scalar field H which is much lighter than any other states 
in the theory (Note that, in this way, the theory is very different than QCD. The 
"sigma" particle in QCD, to the extent it is a distinguishable resonance, is not lighter 
than other resonances.) The lowest-order interactions of H coupled to the Goldstone 
Bosons of SU(2) L x SU(2) R symmetry breaking are summarized by the following 
effective low-energy Lagrangian: 

C = -(v 2 + 2ivH + i'H 2 + i" I ^)Ti{d^d^) + C H , (1) 
4 bv 



Ch = i(9,.ff) 2 - - *£h> - ±H\ (2) 



where, 



E = exp ( J , Tr (r a r b ) = 25 ab , (3) 



v ~ 250 GeV, and the w are the "eaten" Goldstone Bosons. 
The ordinary linear sigma-model corresponds to the limit: 

= i , C = o (4) 
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For a non-standard Higgs, we expect deviations from these values of order v 2 /A 2 . 

3. Phenomenology 

We begin by considering the width of the non-standard Higgs Boson. At tree-level, 
we find: 

(o) _ Jim* 



Note that £ is the only parameter which appears 11,12 . 

The other parameters in eq. ([I]) appear at one-loop. As usual, loops induce in- 
finities which can be absorbed in the effective Lagrangian in the traditional way 13 : 
namely the infinities associated with non- derivative interactions are absorbed in the 
renormalization of the scalar self couplings in eq. (0), while the ones associated with 
vertices involving derivatives are absorbed in the counterterms of order p 4 . In gen- 
eral, these introduce further unknown parameters in our amplitudes. We compute the 
leading corrections in the MS scheme, setting the 0(p 4 ) counterterms to zero when 
the renormalization scale fi is equal to A. These results include the so-called "chiral 
logarithms", which are the leading (non-analytic) contributions if p 2 /A 2 is sufficiently 
small 14 , and in any case are expected to be comparable to the full 0(p 4 ) corrections 13 . 
In addition, when the parameters take the values of the linear sigma model eqs. (fH|), 
the /^-dependence disappears (as it must for a renormalizable theory) and our results 
reduce to those previously computed in the standard Higgs model. 

The one-loop corrections to the Higgs boson decay width in eq. written as 
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where L = 1 — ln(m 2 //i 2 ). While this result is /x-dependent, we can estimate the 
effect of higher-order interactions by setting /1 = A. In the linear sigma model limit 
our calculation reproduces the one-loop result of ref. 15: 
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Next we consider the effects of a non-standard Higgs on Goldstone Boson scatter- 
ing. The tree-level amplitude for w + w~ — > zz is 



(9) 



The calculation of the one-loop corrections is straightforward, though somewhat 
lengthy. The full analytical expressions may be found in ref. 5. At energies small 
compared to the mass of the Higgs, the one-loop amplitude is: 
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where A' = m 2 /2v 2 . Also in eq. (|10D , since m < 4nv, we have retained the 1/m 2 
correction to this order in the momentum expansion. In the linear sigma model limit 
and to leading order in s/m 2 this amplitude explicitly agrees with that of ref. 16. 

The differential cross section for longitudinal gauge Boson scattering is obtained 
from the amplitude by 
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where A = Atree + Ai 00 p. Since we neglected higher order corrections, we have 



\A\ 2 = \ Atree? + 2 { Re (A ree )Re (Al ocyp ) + lm (Aree)Im (Al oop ) } 



(16) 



The total cross section is then 
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The amplitude for W^W L scattering can be calculated from those given above: 



A(W+W£ ^W+W L )=A(s,t,u)+A(t,s,u) . 
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Figure 1: The total cross section for W^W£ — > W£W£, for a non-standard Higgs 
with mass m = 718 GeV, and using the values in eq. (19) as a function of s. Solid 
lines correspond to tree level and dashed lines to one-loop. 

In Fig. 1 we show the total cross section for the W^W£ — > W£W£ channel as a 
function of s for a Higgs mass of m — 718 GeV, with the parameters 

f = 0.62 , f = -0.21 , f" = 0.71 , A 3 = 18.26 , A 4 = 4.79 , (19) 

and A = 2.2 TeV. These parameters are motivated by a composite Higgs model based 
on an SU(4)/ Sp(4) symmetry structure 5 . The solid line corresponds to tree level and 
the dashed lines to one-loop. The corresponding curves for a Standard model Higgs 
with the same mass are shown in Fig. 2. The sharp fall in the cross section in the 
region above the peak in Fig. 1 can be understood by noticing that for £ < 1 the 
tree amplitude in eq. (§) vanishes at some energy greater than m 2 (if one does not 
include a finite width). This only signals that higher order effects are expected to be 
significant there. Also, far above the peak the amplitude presented is not trustworthy 
due to the breakdown of the expansion in powers of 1/A. 

Qualitatively, however, for gauge-Boson scattering below a TeV, the width and 
shape of the peak appear to be the most important features differentiating a standard 
from a non-standard Higgs resonance. 

The cross sections discussed above are not directly measurable in hadron colliders 
like the LHC; one must first convolute them with the WjJWl luminosities inside the 
proton. A more detailed study of how well the LHC be able to differentiate a standard 
from a non-standard Higgs can only be answered after detailed analysis of a specific 
detector. This question is currently under investigation. 
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Figure 2: The total cross section for W^W£ — > W^W£ in the Standard Model with 
a Higgs mass m = 718 GeV, as a function of s. Solid lines correspond to tree level 
and dashed lines to one-loop. 
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